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Abstract 


Analytical  scanning  electron  microscopy  of  solar  cells  returned  from  the  Hubble  Space  Telescope  (HST)  at  the  end  of  HST  Service 
Missions  SM-1  (1993)  and  SM-3B  (2002)  has  revealed  abundant  remains  of  micrometeoroids.  We  have  documented  the  most  common 
residue  compositions,  and  in  this  paper  we  suggest  how  they  relate  to  mineral  phases,  and  show  how  it  is  possible  to  estimate  the  pro¬ 
portion  of  the  original  micrometeoroid  preserved.  From  a  total  of  273  impacts  examined  and  analysed,  we  found  61/162  impacts  on  solar 
cells  from  SM-1  were  produced  by  micrometeoroids,  as  were  45/111  from  SM-3B.  In  each  survey  approximately  25%  of  damage  features 
could  not  be  assigned  to  a  particular  origin  (micrometeoroid  or  space  debris).  A  cumulative  micrometeoroid  flux  curve  for  randomly 
selected  cells  shows  impact  features  ranging  from  3  to  nearly  3800  pm  in  size.  To  assist  interpretation  of  space  exposed  surfaces,  impact 
residues  from  known  meteoritic  and  terrestrial  analogue  mineral  phases  were  produced  by  light  gas  gun  assisted  acceleration  of  buckshot 
projectiles  into  solar  cell  targets  at  5. 5-6. 3  km  s-1. 

Mg-  and  Fe-rich  residues  were  found  in  30/61  impacts  from  SM-1  and  26/45  from  SM-3B,  with  variable  Mg:Fe  ratio,  usually  lacking 
Ca,  and  likely  to  be  from  olivine  or  low-Ca  pyroxene.  Only  in  a  few  examples  is  it  possible  to  determine  the  divalent  cation  to  silicon 
ratio,  and  thereby  positively  identify  olivine  or  pyroxene.  Vesicular  Fe-,  Mg-,  Ni-  and  S-rich  residues,  found  in  eight  impacts  from  SM-1 
and  5  from  SM-3B,  closely  resemble  residue  from  light  gas  gun  shots  of  phyllosilicate-rich  meteorite  grains,  and  may  be  from  a  layered 
silicate  such  as  serpentine  or  smectite  interlayered  with  tochilinite.  Fe-  and  S-rich  immiscible  melt  droplets,  low  in  nickel,  are  probably  of 
troilite  origin.  Fe-,  Ni-  and  P-rich  residue  is  almost  certainly  from  the  phosphide  schreibersite,  and  iron-nickel  metal  residues  show  an 
elemental  ratio  characteristic  of  kamacite.  One  Mg-,  Cr-,  Fe-  and  O-rich  residue  suggests  a  spinel  precursor.  Ca-rich  particles  found  within 
the  spall  zone  of  several  craters  closely  resemble  residue  from  calcium  carbonate.  Mg  sulfates  are  also  present.  Very  little  aluminous  sil¬ 
icate  residue  was  found  (one  residue  from  each  survey).  One  extraordinarily  well-preserved  assemblage  contains  residues  from  five  min¬ 
eral  components  and  may  represent  impact  by  a  chondrule  fragment.  Derivation  of  incident  particle  sizes  from  impact  feature 
dimensions,  by  use  of  calibrated  damage  equations,  reveals  that  the  majority  of  impacting  micrometeoroids  had  diameters  of  less  than 
10  pm,  although  the  mass  flux  is  concentrated  in  grains  of  more  than  50  pm  diameter.  In  one  well-preserved  crater,  the  mass  of  residue 
was  calculated  to  be  60  ng,  approximately  25%  of  the  particle  mass  as  suggested  by  experimental  crater  size  calibration.  The  smallest 
impacts  were  produced  by  grains  of  between  600  nm  and  1.3  pm.  The  most  common  residue  assemblages  suggest  that  the  majority  of 
micron  to  millimetre  scale  micrometeoroids  have  an  origin  from  chondritic  material,  similar  to  interplanetary  dust  particles,  microme¬ 
teorites,  and  possibly  the  hydrous  carbonaceous  chondrites  of  the  CM,  CR  or  Cl  group.  The  relative  contribution  of  cometary  as 
opposed  to  asteroidal  particle  sources  cannot  yet  be  assessed  from  this  data  set. 
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1.  Introduction 

It  is  possible  to  obtain  samples  of  extraterrestrial  fine 
particles  (cosmic  dust)  by  a  number  of  different  methods, 
each  of  which  imposes  different  limitations  on  interpreta¬ 
tion  of  the  composition  and  provenance  of  the  collected 
particles.  Due  to  the  high  relative  velocity  of  most  particles 
entering  Earth’s  atmosphere,  many  undergo  thermal  and 
oxidative  alteration  and  may  be  selectively  melted  (Alexan¬ 
der  and  Love,  2001),  contaminated,  or  simply  difficult  to 
distinguish  from  abundant  terrestrial  dust.  Nevertheless, 
pristine  interplanetary  dust  particles  (IDP)  have  been  suc¬ 
cessfully  captured  by  high  altitude  aircraft,  and  have  yield¬ 
ed  excellent  structural  and  compositional  information 
(Brownlee,  1985;  Rietmeijer,  1998;  Bradley,  2004).  Howev¬ 
er,  the  limited  numbers  of  particles  captured  during  such 
collections  do  not  easily  permit  measurement  of  the  flux 
of  particle  masses  and  sizes.  Micrometeorite  collections 
made  from  bulk  polar  ice  samples  (Taylor  et  al.,  1998)  sam¬ 
ple  short  time  intervals  (years)  or  integrated  temporal  flux 
for  a  relatively  long  time  interval  (centuries),  but  may 
themselves  show  compositional  bias  due  to  weathering. 
Ice  collections  also  require  very  large  sample  sizes  to  reach 
the  area-volume  product  of  deep  sea  sediment  samples, 
necessary  for  recognition  of  statistically  significant  num¬ 
bers  of  the  larger  (>100  pm)  particles,  and  sufficient  for 
reliable  measurement  of  extraterrestrial  mass  flux 
(Peucker-Ehrenbrink  and  Ravizza,  2000).  Are  there  other 
collection  methods  that  may  yield  substantial  numbers  of 
particles  for  examination,  from  known  time  intervals  and 
without  confusion  with  terrestrial  contamination? 

Two  different  approaches  may  be  tried  for  deliberate 
collection  of  micrometeoroid  particles  in  space;  onboard 
analysis  by  sophisticated  spectrometers  (e.g.  the  Gorid 
detector,  Svedhem  et  al.,  1999);  or  use  of  dedicated  capture 
media  on  spacecraft  (e.g.  low  density  silica  aerogel,  Horz 
et  al.,  2000)  followed  by  return  to  Earth  for  analysis. 
Returned  samples  can  be  subjected  to  an  ever-increasing 
range  of  sophisticated  laboratory  instrumentation 
(Zolensky  et  al.,  2000).  However,  in  all  these  cases  the  area 
and  time  available  for  particle  capture  may  be  limited  (an 
area-time  product  of  a  few  m2a  at  most),  the  total  number 
of  particles  collected  is  likely  to  be  small,  and  sampling  of 
larger  particles  limited. 

Opportunistic  examination  of  impact  residues  on  non- 
dedicated  surfaces  has  also  proven  valuable  (Graham 
et  al.,  2000, 2001b,  2002).  In  this  present  paper  we  show  that 
hypervelocity  impact  residues  on  solar  cells  from  the  Hub¬ 
ble  Space  Telescope  (HST)  can  reveal  much  about  the  size, 
composition,  and  even  the  origin,  of  micrometeoroids. 

We  have  sought  to  answer  the  following  questions: 
What  are  the  most  common  micrometeoroid  residue  com¬ 
positions  and  how  do  they  relate  to  mineral  phases  that 


may  have  dominated  the  micrometeoroid  particles?  How 
big  were  the  particles?  What  proportion  of  an  original 
micrometeoroid  particle  has  survived  to  be  preserved  with¬ 
in  a  crater?  What  are  the  origins  of  the  micrometeoroids? 

2.  Samples,  experimental  and  analytical  parameters 

The  solar  arrays  removed  from  the  HST  during  Service 
Mission  1  (SM-1)  in  1993,  and  SM-3B  in  2002,  provided 
large  numbers  of  particle  impacts  for  analysis.  In  total, 
over  60  m2  of  array  surface  was  returned  by  shuttle  orbit- 
ers,  the  earlier  SM-1  (single)  array  having  been  exposed 
to  space  in  low  Earth  orbit  (LEO)  at  an  altitude  of  about 
615  km  for  3.6  years,  and  the  two  arrays  from  SM-3B  at 
a  similar  altitude  for  8.2  years.  The  survey  methodology, 
areas  sampled,  and  the  results  from  impact  feature  count¬ 
ing  and  size  measurement  are  described  in  McDonnell 
and  Griffiths  (1998)  and  Moussi  et  al.  (2005),  respectively. 
In  addition  to  the  major  survey,  individual  solar  cells  (73 
from  SM-1  and  25  from  SM-3B),  each  measuring  4  cm 
by  2  cm  (Fig.  1),  were  cut  from  the  arrays  for  more  detailed 
impact  feature  imaging,  measurement  and  analysis.  Two 
types  of  investigation  were  then  performed  using  analytical 
scanning  electron  microscopy:  location  and  analysis  of  res¬ 
idue  in  selected  larger  impact  features  with  diameter  of 
conchoidal  spallation  ( Dco  of  Herbert  and  McDonnell, 
1997)  greater  than  100  pm;  and  full  analytical  characterisa¬ 
tion  of  every  impact  feature  greater  than  3  pm  Dco  on  a 
suite  of  randomly  chosen  solar  cells  (42  cells  from  SM-1 
and  6  cells  from  SM-3B).  The  methodology  for  distinction 
of  space  debris  and  micrometeoroid  residues  has  been 
described  by  Kearsley  et  al.  (2005).  The  ratio  of  proven 
micrometeoroid  and  space  debris  impacts  in  defined  size 
ranges  was  then  used  to  select  appropriate  velocity  regimes 
for  application  in  the  damage  equations  (as  previously 
determined  by  Herbert  et  al.  (2001)).  On  this  basis,  the 
numbers  of  micrometeoroid  particles  in  defined  size  ranges 


Fig.  1.  Optical  scan  of  a  single  solar  cell  returned  from  the  Hubble  Space 
Telescope  by  the  SM-3B  service  mission.  The  large  impact  feature 
(arrowed)  contains  residue  from  a  magnesium-rich  silicate  of  micromete¬ 
oroid  origin. 
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could  be  determined,  and  a  flux  curve  generated  (Moussi 
et  al.,  2005).  The  large  numbers  of  very  small  individual 
particles,  perhaps  as  small  as  1  micron,  provide  informa¬ 
tion  in  a  size  range  below  the  normal  minimum  recognised 
in  terrestrial  collections.  Although  the  residue  analyses  pre¬ 
sented  in  this  paper  were  performed  on  samples  with 
relatively  low  area-  time  product  exposures  (0.12  m2a  for 
SM-1,  and  0.04  m2  a  for  SM-3B),  their  impact  fluxes  and 
feature  size  distributions  are  very  close  to  those  determined 
from  the  larger  surveys  of  Moussi  et  al.,  which  were  based 
upon  very  large  area-time  values  (75  m2  a  for  SM-1,  and 
340  m2a  for  SM-3B  for  particles  of  between  120  and 
300  pm  diameter).  These  values  represent  the  largest 
impact  flux  measurement  campaigns  on  a  single  substrate 
that  has  ever  been  mounted  in  orbit  and  are  between  one 
and  two  orders  of  magnitude  larger  than  the  threshold 
(2.5  m2a)  for  reliable  statistical  sampling  of  the  mid  range 
micrometeorite  population  (~150  pm)  demonstrated  by 
Peucker-Ehrenbrink  and  Ravizza,  2000.  Although  the  mass 
flux  is  concentrated  in  the  larger  particles,  the  smaller 
grains  (<20  pm)  are  present  in  much  larger  numbers  (more 
than  ten  times,  Moussi  et  al.,  2005),  and  a  reliable  measure¬ 
ment  of  their  numbers  can  therefore  be  made  in  a  sample  of 
smaller  area-time  product.  As  the  attribution  of  microme¬ 
teoroid  origin  within  our  study  is  based  upon  residue  anal¬ 
ysis,  we  are  also  able  to  exclude  a  contribution  from  high 
eccentricity  geostationary  transfer  orbit  space  debris  (main¬ 
ly  solid  rocket  motor  exhaust  products,  Horz  et  al.,  2002), 
thereby  removing  a  flux  component  that  was  not  recogni¬ 
sed  in  the  seminal  work  on  the  space-facing  surface  of 
the  Long  Duration  Exposure  Facility  (Love  and  Brownlee, 
1993).  The  fluxes  presented  by  Moussi  et  al.  (2005)  should 
therefore  be  considered  the  most  reliable  for  space  environ¬ 
ment  modelling. 

Solar  cells  were  carbon-coated  and  examined  using 
backscattered  electron  imagery  (BEI)  in  Jeol  840,  Jeol 
5900LV  and  LEO  1455VP  scanning  electron  microscopes, 
at  2  nA  current  and  20  kV  accelerating  voltage.  X-ray  anal¬ 
yses  and  maps  were  obtained  using  Oxford  Instruments 
exL  and  INCA  energy  dispersive  (ED)  X-ray  spectrome¬ 
ters.  The  imaging  and  analysis  protocols  are  described  at 
length  in  Graham  et  al.  (2001a)  and  Kearsley  et  al. 
(2005),  and  have  been  extensively  tested  on  impact  features 
created  in  the  laboratory  (e.g.  Graham  et  al.,  1999).  The 
laminate  structure  and  composition  of  individual  layers 
within  HST  solar  cells  is  illustrated  in  Fig.  2.  Most  of  the 
residues  discussed  in  this  paper  are  from  impacts  onto 
the  ‘top’  sun-facing  glass  surface  of  the  arrays,  and  were 
initially  located  by  survey  of  the  cell  surface  in  secondary 
electron  imaging  mode.  Impact  features  are  much  more  dif¬ 
ficult  to  find  on  the  woven  glass  fibre  behind  the  cell,  and 
the  range  of  interfering  compositions  in  glass  fibres  and  res¬ 
in  filler  also  make  distinction  of  impactor  chemistry  prob¬ 
lematic.  Residues  within  impact  features  were  located  by 
X-ray  mapping  to  reveal  elemental  enrichments  that  could 
not  be  explained  by  the  cell  composition,  and  ED  spectra 
were  obtained  from  areas  rich  in  residue  and  from  neigh- 


Fig.  2.  Backscattered  electron  image  showing  a  vertical  cross  section 
through  a  typical  solar  cell  from  the  SM-1  service  mission.  Note  the 
laminate  structure  with  borosilicate  glass  top  layer  overlying  a  silicone 
resin  layer  and  silver  connectors. 

bouring  uncontaminated  substrate.  The  uniform  composi¬ 
tion  of  the  borosilicate  cover  glass  across  the  cell  top 
surface,  as  determined  in  detail  on  a  Cameca  SX50  wave¬ 
length  dispersive  X-ray  microprobe,  also  provided  a  com¬ 
parable  substrate  for  all  the  smaller  impact  features.  In 
impact  features  of  millimetre  scale,  residue  may  be  found 
on  deeper  layers  of  the  solar  cell,  including  silicone  resin 
and  silicon.  Residue  mixing  with  the  cover  glass  (rich  in 
Si,  Ce,  Zn,  K,  Na  and  Al,  with  minor  Mg,  Ti  and  Ba)  might 
be  expected  to  make  compositional  determination  difficult, 
but  provided  a  wealth  of  spectral  lines  from  which  could  be 
calculated  approximate  mixing  ratios  for  solar  cell  glass 
and  micrometeoroid  components.  The  spectra  of  residue 
and  substrate  were  overlain  for  comparison,  and  any 
enrichment  in  elements  diagnostic  of  a  micrometeoroid  ori¬ 
gin  was  noted  (Fig.  3).  The  wide  range  of  X-ray  peak  ener¬ 
gies  also  allowed  low  concentrations  of  residue  to  be 
located  even  when  topographic  artefacts  were  dominant 
and  absorption  of  low  energy  X-rays  became  substantial. 
Cross  sections  were  sputter  eroded  in  carefully  selected 
locations  using  a  30  keV  gallium  ion  beam  in  an  FEI 
FIB200  TEM  workstation  to  determine  the  depth  of  resi¬ 
due-bearing  melt. 

Due  to  mixing  with  melted  solar  cell  glass,  and  the  com¬ 
plex  surface  shape  of  the  impact  features,  it  is  not  usually 
practical  to  determine  precise  elemental  ratios  within  in- 
situ  micrometeoroid  residue.  However,  there  are  recurring 
elemental  assemblages  which  closely  resemble  those  seen 
in  laboratory  impacts  of  known  mineral  projectiles.  Classi¬ 
fication  of  the  original  impactor  compositional  compo¬ 
nents  (the  mineral  content)  required  comparison  with 
residues  from  impacts  of  known,  well-characterised  miner¬ 
al  species.  Light  gas  gun  impacts  with  buckshot  firings  at 
the  University  of  Kent  (Burchell  et  al.,  1999)  used  mineral 
projectiles  of  selected  grain  size  fractions  between  4  and 
250  pm  diameter,  at  velocities  between  5.5  and  6.3  km  s_1. 
Although  the  velocity  attainable  by  laboratory  impacts  of 
suitable  analogues  cannot  reach  the  regimes  of  many 
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Fig.  3.  (a)  and  (c)-(h)  Representative  ED  X-ray  spectra  from  micrometeoroid  residues  in  craters  on  HST  solar  cells.  In  each  case  the  spectrum  from 
surrounding  melted  solar  cell  glass  is  shown  in  grey,  with  the  residue  spectrum  superimposed  in  black:  (a)  Mg-rich  residue  from  area  giving  olivine 
stoichiometry  of  Forsterite  98%;  (b)  see  below;  (c)  Fe-  and  S-rich  residue  closely  resembles  troilite;  (d)  Fe-,  Mg-,  S-  and  Ni-rich  residue  probably  from 
hydrous  layer  silicate  (compare  with  (b);  (e)  Fe-,  Ni-  and  P-rich  residue  with  ratios  close  to  those  of  schreibersite;  (f))  Fe-,  Cr-,  Mg-  rich  residue  intimately 
associated  with  Fe-  and  S-rich  residue,  probably  chromite  in  troilite;  (g)  metallic  Fe  and  Ni  with  peak  ratios  typical  of  kamacite;  (h)  Na-,  Al-rich  residue, 
probably  either  chondrule  mesostasis  glass  or  altered  refractory  inclusion  silicate  such  as  jadeite.  Spectrum  (b)  shows  the  typical  spectrum  of  the  hydrous 
layered  silicate  phases  found  in  the  matrix  and  chondrule  coatings  of  the  CM-2  carbonaceous  chondrite  meteorite  Murchison,  compare  this  to  spectrum 
(d). 


natural  micrometeoroids  encountered  in  Earth  orbit 
(40-70  km  s_1,  Taylor,  1995),  the  morphology  of  impact 
features  and  chemical  composition  of  residue  from  light 
gas  gun  shots  do  closely  resemble  those  found  on  space 
exposed  surfaces.  Calculations  based  upon  equations  of 
state  for  silicate  impactors  and  metallic  targets  (Bernhard 
et  al.,  1994)  have  shown  that  micrometeoroid  impacts  onto 


metal  at  20  km  s-1  should  result  in  shock  pressures  in 
excess  of  300  GPa,  within  the  regime  of  melt  and  vapour 
generation  from  the  projectile.  Impacts  onto  the  complex, 
but  low  density,  solar  cell  surface  may  generate  much  lower 
pressures,  with  complete  melting,  but  relatively  little 
vapour  generation.  However,  our  laboratory  impacts  of 
materials  rich  in  the  volatile  alkali  metals  sodium  and 
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potassium  onto  solar  cell  glass  do  sometimes  show 
depletion  of  these  elements  in  the  residue,  suggesting  their 
loss  as  vapour,  as  Horz  et  al.  (1983)  found  to  occur  during 
laboratory  impacts  onto  aluminium.  We  have  seen  no  evi¬ 
dence  of  substantial  loss  of  other  elements,  including  sul¬ 
fur.  Mixing  and  embedding  of  impactor  with  the 
borosilicate  glass,  followed  by  very  rapid  quenching,  acts 
as  a  trap  and  prevents  further  alteration/loss,  shown  by 
the  preservation  of  droplets  of  unoxidised  metals  (micro¬ 
meteoroid  iron-nickel  and  space  debris  aluminium)  even 
where  exposed  to  aggressive  atomic  oxygen  in  the  low 
Earth  orbit  environment  (Kearsley  et  al.,  2005). 

The  selection  of  minerals  for  use  as  analogues  was  based 
upon  those  known  to  be  dominant  in  collections  of  small 
particles  such  as  Antarctic  micrometeorites  (Kurat  et  al., 
1994),  interplanetary  dust  particles  (IDPs)  collected  in  the 
stratosphere  (Rietmeijer,  1998),  and  the  more  common 
minerals  found  in  meteorites,  especially  those  carbona¬ 
ceous  chondrite  groups  believed  to  be  similar  to  common 
types  of  micrometeorites  (Kurat  et  al.,  1994).  It  is  not  prac¬ 
ticable  to  use  bulk  examples  of  real  micrometeorites  or 
IDPs  as  projectiles  for  several  reasons.  The  physical  prop¬ 
erties  of  many  grains  (e.g.  cosmic  spherules)  may  be  unsuit¬ 
able  as  analogues  of  pristine  micrometeoroids  because  they 
have  been  subjected  to  high  surface  temperatures  during 
atmospheric  transit  and  now  have  compact  internal  struc¬ 
ture  and  volatile  element  depletion.  Our  experience  with 
shots  of  delicate  projectiles  (such  as  fine-grained  phyllosili- 
cates)  suggests  that  the  less  altered  aggregate  IDPs  would 
be  too  fragile  to  withstand  the  high  acceleration  generated 
within  the  gun,  although  they  may  have  been  relatively 
unharmed  by  exposure  to  space  since  their  release  from  a 
parent  body.  Real  analogues  are  also  much  too  rare  and 
valuable  to  use  as  projectiles,  the  necessary  quantities  for 
a  single  firing  (many  thousands  of  grains)  might  exceed 
the  total  mass  picked  during  a  campaign  of  ice/snow  col¬ 
lection.  We  have  used  projectile  powders  from  crushed  car¬ 
bonaceous  chondrite  meteorites  Allende  (CV3),  Murchison 
(CM2)  and  Orgeuil  (Cl),  but  have  found  that  the  micron- 
scale  mineral  heterogeneity  is  so  great  that  it  prevents 
reliable  identification  as  to  the  composition  of  many 
impacting  particles,  an  essential  constraint  for  their  use 
as  calibration  materials.  Consequently  we  have  prepared 
grain-size  sorted  projectile  powders  from  well-characterised 
and  homogeneous  coarse-grained  samples  of  meteoritic  and 
terrestrial  minerals:  olivine,  enstatite,  diopside,  albite, 
anorthite,  spinel,  corundum,  magnetite,  pyrrhotite,  kama- 
cite,  nepheline,  serpentine  group  minerals  and  calcite 
(and  many  others).  Samples  of  these  projectiles  can  be 
obtained  from  the  Natural  History  Museum  for  further 
work,  and  have  now  been  used  for  diverse  applications  in 
laboratories  worldwide. 

3.  Results  and  interpretation 

In  both  post  flight  surveys,  we  were  able  to  determine 
the  type  of  impactor  responsible  for  approximately  75% 


of  the  impact  features  examined.  Distinction  of  the  particle 
origins  as  debris  or  from  micrometeoroids  was  explained  in 
Kearsley  et  al.,  2005.  The  smaller  craters,  less  than  50  pm 
Dco  were  mainly  of  space  debris  origin  (37  craters  formed 
by  micrometeoroids:  87  by  space  debris,  mainly  solid  rock¬ 
et  motor  combustion  products).  In  contrast,  most  craters 
of  greater  than  50  pm  diameter  contained  micrometeoroid 
residue  (84  craters  formed  by  micrometeoroids,  13  by  space 
debris).  The  impact  residue  was  of  variable  quantity  and 
quality,  dependant  upon  the  preservation  of  the  central 
melt  pit  (the  frozen  base  of  the  transient  crater).  We  found 
61  small  sub-circular  or  oval  craters  containing  micromete¬ 
oroid  residue  during  the  SM-1  survey,  and  45  during  the 
SM-3B  survey.  The  micrometeoroid  impact  residues  found 
during  the  SM-3B  survey  are  very  similar  in  composition 
and  abundance  to  those  found  in  the  solar  cells  from 
SM-1,  except  for  the  occurrence  of  a  few,  rarer  residue 
types  (Fig.  8).  The  cumulative  flux  curves  in  Figs.  9  and 
10  are  based  upon  all  of  the  analysed  craters  from  3  pm 
to  4  mm  on  the  random  selection  from  SM-1  (42  cells) 
and  SM-3B  (6  cells),  and  are  close  to  the  values  determined 
in  the  much  larger  survey  of  flux  by  Moussi  et  al.  (2005). 
The  logarithmic/logarithmic  plots  of  Fig.  9  show  the  cumu¬ 
lative  number  of  impact  features  created  per  square  metre 
per  second  for  the  range  of  impact  feature  conchoidal  glass 
detachment  Dm  sizes.  The  true  total  micrometeoroid  flux 
may  also  include  some  particles  that  have  left  no  distin¬ 
guishable  residue,  and  are  thus  hidden  within  the  unre¬ 
solved  population  (25%  of  SM-1  craters  and  26%  of 
SM-3B  craters).  The  flux  will  thus  exceed  the  confirmed 
36%  of  SM-1  and  40%  of  SM-3B  craters  (dashed  lines). 
To  correct  for  this  under-sampling,  the  micrometeoroid 
particle  flux  curves  of  Fig.  9  have  been  rescaled  (the  bold 
lines)  by  addition  of  a  proportion  of  the  unknown  particle 
impacts,  as  determined  from  the  ratio  of  proven  space  deb¬ 
ris  and  micrometeoroid  impacts  in  the  appropriate  size 
range.  The  rationale  for  determination  of  particle  diameter 
from  Dco  as  shown  in  Fig.  10  is  discussed  in  Section  3.2 
below. 

The  particle  flux  derived  from  the  entire  SM-3B  survey 
funded  by  the  European  Space  Agency  and  based  upon 
optical  imagery  of  many  thousands  of  solar  cells 
(340  m2a  area-time  product),  is  described  comprehensively 
in  Moussi  et  al.  (2005).  Calibrated  feature  to  particle  size 
conversion  equations  (dependent  upon  determined  particle 
origins  and  hence  assumption  of  an  appropriate  velocity 
model)  were  employed  by  Moussi  et  al.  (2005)  to  derive 
particle  sizes  based  upon  determined  proportions  of  space 
debris  and  micrometeoroids,  coupled  with  maximum  and 
minimum  flux  limits  from  the  number  of  features  of  unre¬ 
solved  origin. 

3.1.  Micrometeoroid  residue  compositions 

Residue  compositions  are  classified  by  those  elements 
demonstrated  to  be  present  in  excess  over  the  substrate 
composition  (Fig.  3). 
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3.1.1.  Mg-  and  Fe-rich 

Thin  films  enriched  in  Mg  and  Fe  are  the  most  common 
micrometeoroid  residues  found  on  HST  cells,  found  in  30/ 
61  impacts  from  SM-1  and  26/45  from  SM-3B.  The  parent 
is  likely  to  be  olivine  or  low-Ca  pyroxene,  but  an  accurate 
divalent  cation  to  silicon  ratio  cannot  usually  be  deter¬ 
mined  due  to  dispersion  in  solar  cell  silicate  glass  melt 
(Fig.  3a).  However,  in  some  impacts  there  may  be  relatively 
large  discrete  patches  of  residue  (Fig.  4),  sufficiently  flat  to 
allow  quantitative  analysis  by  EDS.  Calculation  of  the 
glass  :  impactor  mixing  ratio  (based  upon  the  known  calci¬ 
um,  potassium,  cerium  and  zinc  contents  of  the  solar  cell 
glass,  and  their  analysis  in  the  glass-residue  mix)  reveals 
that  the  micrometeoroid  component  has  an  almost  perfect 
stoichiometry  for  olivine  of  Forsterite  98%:Fayalite  2% 
composition.  This  is  a  widespread  but  relatively  primitive 
composition,  found  throughout  the  IDP,  micrometeorite 
and  unequilibrated  meteorite  populations.  Unfortunately, 
relatively  few  residues  are  sufficiently  well-preserved  to  be 
identified  to  unequivocal  mineral  species  as  was  possible 
in  this  case,  and  it  is  not  possible  to  distinguish  discrete 
compositional  populations,  as  might  aid  comparison  to 
other  extraterrestrial  materials  (e.g.  the  olivine  and  pyrox¬ 
ene  groups  in  Antarctic  micrometeorites  of  Genge  et  al. 
(1997)).  Mg-  and  Fe-rich  residues  are  sometimes  (4  craters) 
found  associated  with  separate,  discrete  Fe-  and  S-rich  or 
Fe-Ni  metal  residues,  suggesting  a  polymineralic  microme¬ 
teoroid  impactor,  with  intimately  intergrown  grains  of  a 
few  microns  size. 

3.1.2.  Fe-,  Mg-,  Ni-  and  S-rich 

These  residues  were  found  in  nine  features  from  SM-1 
and  5  from  SM-3B  (e.g.  Fig.  3d).  They  are  usually  vesicu¬ 
lar,  with  gas  bubbles  appearing  as  dark  patches  in  BE 
images.  The  association  of  elements  resembles  that  seen 
in  anhydrous  IDPs  (Bradley,  2004)  although  the  textural 
evidence  for  presence  of  volatiles  (probably  water) 


Fig.  4.  BEI  of  large  oblique  crater;  and  X-ray  maps  of  Mg,  P  and  Fe  in 
melt  pit  floor,  showing  polymineralic  residue  in  oblique  impact  pit  (SM-1, 
sl65). 


may  instead  suggest  an  origin  from  hydrous  layered 
phyllosilicates  (serpentine  or  smectite)  with  interlayered 
Fe  and  Ni  hydroxysulfide  (tochilinite)  in  some  examples. 
The  Mg:Fe  ratio  differs  between  residues,  possibly  reflect¬ 
ing  the  variability  reported  by  Rietmeijer  (1998)  for  the 
Mg:Fe  ratio  in  hydrous  IDP  components.  Due  to  interfer¬ 
ence  from  the  silicate  substrate  it  is  not  possible  to  make  a 
precise  determination  of  the  ratio  of  Mg  plus  Fe  to  Si,  and 
hence  which  layer  silicate  mineral  family  is  present. 

3.1.3.  Fe-  and  S-rich 

These  are  common  residues,  found  in  21  MM  impacts 
from  SM-1  and  13  impacts  from  SM-3B  (e.g.  Fig.  3c).  They 
form  immiscible  melt  droplets,  which  are  usually  low  in 
nickel.  They  are  very  similar  to  laboratory  iron  monosul¬ 
fide  impact  residues  and  are  probably  derived  from  pyrrho- 
tite  or  troilite,  as  widely  reported  in  IDPs  and  chondritic 
meteorites  (e.g.  Noguchi  et  al.,  2002),  and  recently  shown 
to  be  present  in  significant  quantities  in  Antarctic  microme¬ 
teorites  (Duprat  et  al.,  2005). 

3.1.4.  Iron-nickel  metal 

These  are  very  distinctive  immiscible  droplets,  visible  in 
BE  images  due  to  their  high  backscatter  coefficient  (Figs.  5 
and  6).  Their  size  varies  from  10  nm  to  5  pm  scale.  They 
were  found  in  three  features  from  SM-1  and  1  from 
SM-3B.  Analyses  show  a  narrow  range  of  composition 
with  Fe:Ni  ratio  typical  of  meteoritic  kamacite  metal 
(Fig.  3g).  In  the  oblique  crater  sl65,  FIB  sectioning  of  an 
oblate  metal  spheroid  of  2  pm  diameter  showed  crystallo¬ 
graphic  ion  channelling  contrast  between  relict  structural 
domains  at  sub-micron  scale  (Fig.  5). 

3.1.5.  Ca-rich 

These  residues  occur  as  particles  in  the  shatter  and 
conchoidal  zones  of  four  craters  from  SM-1  and  1  from 
SM-3B,  in  each  case  they  are  associated  with  mafic  sil¬ 
icate  residue  in  the  melt  pit  (Fig.  7).  The  residues  are 
probably  calcium  carbonate,  and  we  have  observed  sim¬ 
ilar  intact  but  melt-associated  particles  from  laboratory 
impacts.  The  emplacement  mechanism  and  their  restric¬ 
tion  to  the  brittle-fractured  zones  of  the  crater  remain 
enigmatic. 

3.1.6.  Mg,  Cr,  Fe  and  O-rich 

A  single  tiny  residue  was  found  in  one  crater  from  SM-1 
(sl65.  Figs.  3  and  4f)  in  which  crater  it  is  associated  with 
Fe-Ni  metal,  Fe-sulfide,  Fe-Ni  phosphide  and  Mg-silicate 
residues.  The  residue  composition  is  strongly  reminiscent 
of  an  oxide  phase,  probably  a  chromium-bearing  member 
of  the  magnesioferrite  spinel  series. 

3.1.7.  Fe-,  Ni-  and  P -rich 

Three  small  particles  of  this  composition  were  found  in  a 
single  crater  (si 65)  from  SM-1.  Their  spectrum  is  very  sim¬ 
ilar  to  that  of  the  meteoritic  phosphide  schreibersite 
(Fig.  3e). 
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Fig.  5.  FIB  cross-section  and  ion  images  of  metal  droplet,  scale  bar  2  pm.  (a)  at  35  degrees  tilt,  shows  a  thin  covering  of  the  metal  droplet  by  glass  melt 
(dark  grey)  before  its  removal  by  renewed  surface  milling,  also  note  the  fine  scale  crystallographic  texture  in  metal,  highlighted  by  ion  channelling  at  52 
degrees  tilt  (b)  and  45  degrees  tilt  (c). 


Fig.  6.  SM-1  crater  sl77.  BE  images  at  top  left  shows  entire  crater,  top  right  shows  detail  of  metal  droplets  on  melt  pit  floor.  X-ray  maps  show  Fe  and  Ni 
in  abundant  metal  droplets  on  the  crater  floor. 


3.1.8.  Mg-  and  S-rich 

Small  particles  rich  in  magnesium  and  sulphur  were 
found  as  loose  grains  in  two  craters  on  the  same  solar  cell 
from  SM-3B.  Their  X-ray  spectrum  closely  resembles  that 
of  the  sulfate  mineral  epsomite. 

3.1.9.  Al-  and  Si-rich 

These  enigmatic  aluminosilicate  residues,  that  may  rep¬ 
resent  altered  feldspar  or  mesostasis  glass  impactors,  were 
found  in  two  craters,  one  in  each  of  SM-1  and  SM-3B 
(e.g.  Fig.  3h). 

3.2.  How  large  were  the  impacting  particles? 

The  size  distribution  of  those  measured  impact  fea¬ 
tures  on  the  47  solar  cells  that  can  be  attributed  to 


micrometeoroid  origin  is  shown  in  Figs.  8  and  9,  span¬ 
ning  a  range  of  3  orders  of  magnitude,  from  5  pm  to 
5  mm  Dm. 

The  style  and  scale  of  impact  damage  upon  solar  cell 
glass  is  influenced  by  the  relative  size  of  projectile  and 
thickness  of  individual  solar  cell  layers,  as  well  as  by  parti¬ 
cle  velocity  and  composition.  Comparison  with  other  space 
exposed  surfaces,  laboratory  simulations  and  computer 
models  of  perpendicular  impacts  on  the  complex  laminated 
structure  of  solar  cells  together  have  permitted  delimitation 
of  a  ‘damage  equation’,  relating  the  size  of  an  impacting 
micrometeoroid  and  the  resulting  impact  feature  dimen¬ 
sions  for  a  given  velocity  (Grim  et  al.,  1985;  Drolshagen 
et  al.,  1997;  Taylor  et  al.,  1997,  1999).  Where  impact  fea¬ 
tures  include  a  well-defined  melt-pit;  radially  shattered; 
conchoidal  detachment  (spallation);  and  concentric 
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Fig.  7.  BEI  and  X-ray  maps  for  Fe  (Fe  La  with  F  Ka),  Mg  and  Ca,  showing  mafic  silicate  residue  in  the  central  melt  pit  and  abundant  Ca-rich  particles  on 
the  surface  of  the  conchoidal  detachment  zone. 


fracture  zones  (Herbert  and  McDonnell,  1997),  it  is  possi¬ 
ble  to  apply  an  experimentally  determined  ratio  of  spalla¬ 
tion  zone  diameter  (Dco)  to  particle  diameter  (Dp).  The 
relationship  has  been  calibrated  by  laboratory  light  gas 
gun  shots  between  1  and  7  km  s-1,  velocities  substantially 
lower  than  encountered  in  LEO.  Due  to  uncertainty  in 
the  wide  range  of  possible  impact  velocities  for  micromete¬ 
oroids  encountered  in  LEO,  it  is  difficult  to  give  precise  fig¬ 
ures  for  the  particle  sizes  responsible  for  specific  individual 
features  on  the  HST  solar  cells.  Extrapolation  to  the  veloc¬ 
ity  range  employed  by  convention  for  micrometeoroid 
impacts  on  spacecraft  in  LEO  (ca.  20  km  s-1  suggested 
by  Taylor  (1995)  and  employed  by  Herbert  et  al.  (2001)) 
yields  a  Dco  to  Dp  ratio  that  varies  from  less  than  4:1  to 
as  much  as  18:1,  dependant  upon  projectile  size  (and  den¬ 
sity).  According  to  this  calibration,  a  typical  circular  crater 
of  Dco  1000  pm,  bearing  iron  sulphide  and  hydrous  mafic- 
silicate  residue  in  a  melt  pit  (e.g.  the  crater  of  Fig.  11), 
could  be  formed  by  a  micrometeoroid  of  approximately 
50  pm  diameter,  impacting  at  a  velocity  just  over 
20  km  s-1.  For  features  of  larger  diameter,  a  different  style 
of  damage  occurs  with  penetration  through  the  entire  cell 
thickness,  and  Dco  no  longer  increases  so  rapidly  as  a  func¬ 
tion  of  the  particle  diameter.  Instead,  the  diameter  of  the 
full-thickness  penetration  hole  may  become  a  simpler 
proxy  for  the  particle  dimensions.  The  calibration  for  the 
smallest  features  (less  than  20  pm  Dco),  suggests  the  Dco 
to  Dp  ratio  is  substantially  less  than  10:1,  perhaps  lower 
than  4:1.  If  the  conventional  velocity  regime  is  accepted, 


it  can  be  seen  that  there  were  numerous  impacts  by  parti¬ 
cles  of  between  1  and  10  pm  (e.g.  over  600  per  m2  per  year 
for  SM-3B),  with  residue  being  preserved  from  particles  as 
small  as  1.3  pm  (Fig.  10).  There  were  few  impacts  by  grains 
exceeding  100  pm  in  diameter  (e.g.  less  than  20  per  m2  per 
year  for  SM-1),  although  these  account  for  the  vast  major¬ 
ity  of  the  mass  delivery  in  Fig.  10.  For  micrometeoroids  of 
less  than  10  pm  diameter,  there  is  good  agreement  between 
our  data  and  the  flux  of  micrometeoroids  at  1  AU  as 
defined  by  Grim  et  al.  (1985),  rescaled  for  gravitational 
focus  and  Earth  shielding.  For  particles  larger  than 
10  pm  diameter,  our  measured  flux  appears  to  be  substan¬ 
tially  greater,  but  this  part  of  our  curve  is  based  upon  a 
very  small  number  of  impacts,  and  errors  may  be  substan¬ 
tial  due  to  the  limited  number  of  cells  reported  in  this 
study  (especially  when  compared  to  the  larger  flux  data 
set  and  huge  area-time  product  of  Moussi  et  al.  (2005)). 
However,  the  flux  of  Fig.  10  is  based  upon  very  well 
characterised  impacts,  and  certainly  does  not  include 
features  originating  from  impact  on  the  rear  side  of  the 
solar  array,  a  problem  discussed  by  Moussi  et  al. 
(2005)  but  only  relevant  for  impact  features  with  full 
thickness  penetration,  exceeding  2  mm  Dco.  A  more  likely 
explanation  for  the  high  flux  can  be  seen  in  the  work  of 
Sullivan  and  McDonnell  (1992),  who  demonstrated  the 
importance  of  facing  direction  in  the  interpretation  of 
micrometeoroid  flux  upon  spacecraft  surfaces.  McBride 
et  al.  (1999),  in  their  comparison  of  measurements  between 
the  European  Retrievable  Carrier  (EuReCa)  spacecraft 


Fig.  8.  HST  micrometeoroid  impact  residues.  Numbers  and  sizes  of  craters  containing  different  residue  types.  Note  changes  on  the  scale  for  histogram  size 
bin  maxima:  <5,  <20  then  bins  of  10  pm  up  to  100  pm,  bins  of  100  pm  to  <1000  pm,  finally  bins  of  500  pm  to  <5000  pm. 
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Fig.  9.  Cumulative  flux  plots  for  the  number  of  micrometeoroid  impacts  plotted  against  impact  feature  size  (diameter  of  conchoidal  detachment,  Dco), 
based  upon  analysis  of  residues  in  all  craters  found  on  randomly  selected  cells  from  SM-1  (42  cells)  and  SM-3B  (6  cells).  Minimum  flux  (based  upon 
positive  identification  of  micrometeoroid  residue)  in  thin  line,  maximum  flux  (all  unresolved  impacts  assumed  to  be  micrometeoroid)  in  dashed  thin  line. 
The  modelled  flux  (the  minimum  with  addition  of  unresolved  impacts  allocated  by  proportion  of  determined  space  debris  and  micrometeoroid  impacts  in 
this  size  interval)  is  shown  in  the  bold  line.  Logarithmic  scale  on  both  axes. 

and  the  ‘space-facing’  end  of  LDEF,  were  able  to  explain  trie  facing  direction  of  the  solar  cells.  The  sun-facing 
the  greater  number  of  micrometeoroids  on  EuReca  as  a  aspect  of  the  HST  solar  cell  glass  surfaces,  as  surveyed  in 
function  of  the  anisotropy  of  collection,  due  to  a  heliocen-  our  work,  should  generate  a  similar  flux  enhancement, 
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Fig.  10.  (Left)  Cumulative  flux  plot  for  the  number  of  micrometeoroid  impacts  plotted  against  particle  size  (velocity  model  20kms~1),  based  upon 
analysis  of  residues  in  all  craters  found  on  randomly  selected  cells  from  SM-1  (42  cells)  and  SM-3B  (6  cells).  Logarithmic  scale  on  both  axes.  SM-1  data 
shown  as  open  diamonds,  SM-3B  shown  as  solid  diamonds.  The  Grim  et  al.  (1985)  flux  is  included  (dashed),  scaled  for  Earth  shielding  and  gravitational 
focusing.  Note  good  agreement  below  10  pm  particle  size,  but  apparently  increased  flux  relative  to  Grim  et  al.  (1985)  at  larger  sizes,  probably  due  to  an 
enhanced  anisotropic  collection  of  micrometeoroids  on  the  sun-facing  solar  cell  glass  of  FIST,  compared  to  the  isotropic  sampling  of  Grun  et  al.  Typical 
minimum  sizes  for  stratospheric  interplanetary  dust  particles  (IDP)  and  Antarctic  micrometeorites  (AMM)  are  shown  for  comparison.  (Right)  Cumulative 
micrometeoroid  mass  per  square  metre  during  the  interval  from  HST  launch  to  SM-1(3.6  years)  revealing  dominance  by  a  few  large  particles.  Linear  scale 
on  both  axes. 


sufficient  to  reconcile  our  data  to  those  of  Grun  et  al. 
(1985). 

Dyrud  et  al.  (2004)  suggest  that  a  more  appropriate 
velocity  for  meteors  might  be  55-60  km  s1.  As  their  inferred 
meteor  mass  range  (10— 11  10“ 4  g)  covers  the  probable 
micrometeoroid  size  range  responsible  for  larger  HST 
impact  features,  it  may  be  appropriate  to  modify  the  parti¬ 
cle  sizes  derived  from  the  damage  equation.  Herbert  et  al. 
(2001)  have  shown  impact  feature  diameter  to  be  propor¬ 
tional  to  particle  velocity  to  a  power  of  0.66,  a  similar  rela¬ 
tionship  to  that  for  metal  crater  diameter  as  described  by 
Humes  (1991).  Upon  this  basis  we  determine  that  velocity 
models  of  55  km  s-1  and  70  km  s-1  would  yield  smaller 
inferred  particle  sizes.  If  one  chooses  a  55  km  s-1  or 
70  km  s-1  model,  all  the  particle  sizes  across  the  X-axis 
should  be  shifted  to  the  left  (i.e.  to  smaller  sizes)  by  multipli¬ 
cation  with  a  factor  of  0.51  or  0.44,  respectively.  This  would 
suggest  that  the  smallest  particles  are  less  than  1  pm  in 
diameter,  or  if  a  cometary  maximum  velocity  (e.g. 
70  km  s-1)  is  chosen  as  more  appropriate  for  the  smallest 
particles,  perhaps  as  small  as  600  nm.  Rather  than  entire 
IDPs  as  collected  from  the  stratosphere,  these  very  small 
individual  particles  are  comparable  in  size  to  the  sub  micron 
silicates  of  chondritic  aggregate  IDPs  (Zolensky  and 
Barrett,  1994),  and  the  clumped  crystallites  forming  the 
granular  or  polyphase  units  of  Rietmeijer  (1998).  The  grains 
fall  neatly  within  the  mass  range  for  Halley  cometary  dust 
as  investigated  by  the  Giotto  impact  detectors  (McDonnell 
et  al.,  1987),  and  the  particle  mass  range  determined  in  the 
vicinity  of  comet  P/Wild2  by  the  Dust  Flux  Monitor  Instru¬ 
ment  aboard  the  Stardust  spacecraft  (Tuzzolino  et  al., 
2004).  The  flux  and  residue  chemistry  for  even  smaller, 
sub-micron,  impact  features  on  HST  solar  cells  has  not 
yet  been  determined. 


3.3.  How  much  residue  is  preserved? 

In  most  impact  features,  residue  can  be  found  in  the 
hemispherical  central  melt  pit  (Figs.  6,  7,  11-13).  Trenched 
sections  cut  with  the  FIB  (Fig.  11a  and  b)  revealed  residue 
within  a  thin  layer,  approximately  2.5  pm  thick,  lining 
approximately  25%  of  the  melt  pit  interior.  Assuming  an 
original  spherical  morphology  for  this  layer  prior  to  spall¬ 
ation  of  the  overlying  glass  and  loss  of  the  upper  half  of  the 
melt  shell  (Fig.  1  lc  and  d),  the  volume  of  the  residue-bear¬ 
ing  layer  was  calculated  for  the  SM-1  crater  s322amajorl 
(Dco  of  1104  pm,  Fig.  11),  by  measurement  of  the  diameter 
of  the  melt  pit  inner  boundary  (Fig.  12).  The  residue-bear¬ 
ing  layer  was  thus  a  sub-spherical  shell  of  205  pm  internal 
diameter  and  2.5  pm  thickness,  whose  volume  was  calculat¬ 
ed  by  subtraction  of  the  outer  and  inner  sphere  volumes: 
(4/3  *  7i  *  (102.5  +  2.5)3)  -  (4/3  *  n  *  (102.5)3).  Backscat- 
tered  electron  images  and  X-ray  maps  of  FIB  trench  sec¬ 
tions  showed  that  approximately  25%  of  the  2.5  pm  layer 
contained  detectable  residue  mixed  with  melted  solar  cell 
glass.  The  residue  content  within  the  mixture  was  measured 
from  the  mean  of  two  calculations  for  impactor/glass  mix¬ 
ing,  using  known  Mg,  K  and  Zn  contents  of  the  cover 
glass,  and  analyses  of  the  glass  and  mixed  residue  exposed 
in  the  trench  of  Fig.  1 1 .  The  calculated  glass  proportion 
was  70%  by  weight,  and  with  a  mean  density  estimated  at 
2.5  g  cm-3.  Projectile  proportion  was  30%  by  weight  of 
the  mixture.  Based  upon  interpretation  of  the  projectile 
composition  from  the  ED  spectra  as  a  mixture  of  tochilin- 
itic  serpentine/smectite  and  iron  sulfide,  a  mean  micromete¬ 
oroid  density  of  3.7  g  cm-3  was  assumed.  Thus  20%  of  the 
melt  by  volume  was  residue,  with  a  mass  of  120  ng  in 
the  full  spherical  shell  (before  spallation  of  the  upper 
hemisphere),  and  perhaps  as  much  as  50  ng  of  residue  is 
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Fig.  11.  (a)  BEI  of  melt  pit  in  impact  crater  s322al  from  SM-1;  (bj  BEI  of  trench  cut  through  residue  and  glass  melt,  showing  about  2.5  pm  thickness  of 
Mg-,  Fe-,  S-  and  Ni-bearing  silicate  residue  (mid  grey),  with  bright  droplets  of  iron  sulfide;  (c)  BEI  of  a  micrometeoroid  impact  feature.  This  oblique  view 
of  the  partially  broken  central  melt  pit  shows  a  hemispherical  bowl  shape;  (d)  diagrammatic  vertical  section  through  an  impact  feature  on  HST  solar  cell 
glass,  showing  the  relationship  between  the  hemispherical  remnant  of  the  melt  pit,  the  shatter  and  conchoidal  zones.  Residue  is  usually  found  in  a  thin 
layer  on  the  surface  of  the  melt  pit. 


Fig.  12.  Diagram  of  a  vertical  cross  section  through  a  melt  pit,  showing 
the  dimensions  used  for  calculation  of  the  total  volume  of  residue-bearing 
melt.  The  incident  electron  beam  is  also  shown,  to  demonstrate  the  broad 
and  shallow  area  of  X-ray  emission  on  the  melt-pit  wall,  enabling  easy 
recognition  of  the  location  of  residue. 


retained  in  the  remaining  melt  pit.  This  is  approximately 
10%  of  the  probable  original  particle  mass  (circa  500  ng) 
for  a  65  pm  diameter  micrometeoroid  of  this  composition, 
as  inferred  responsible  for  the  crater  by  reference  to  the 
damage  equation  of  Herbert  et  al.  (2001),  with  an  appro¬ 
priate  density  scaling  exponent  of  0.44  and  velocity  of 
21.4  km  s-1.  If  a  higher  velocity  model  is  used  for  the  par¬ 


ticle  size  interpretation,  retained  percentage  appears  still 
higher  (75%  for  the  same  impact  by  a  smaller  particle  at 
55  km  s-1).  In  some  impact  features  the  distribution  of  res¬ 
idue  is  more  complex,  particularly  in  shallow,  elongate  and 
oblique  craters  where  abundant  residue  is  visible  (e.g. 
Fig.  4).  Although  a  similar  residue  depth  distribution  is 
seen  within  FIB  trenches  of  the  melt  in  oblique  craters, 
the  quantity  and  surviving  proportion  of  residue  is  much 
more  difficult  to  calculate,  due  to  the  very  complex  melt 
pit  shape  and  major  uncertainties  in  the  particle  size  cali¬ 
bration  for  oblique  impacts  at  an  unknown  (but  probably 
low)  angle  of  incidence.  Nevertheless,  such  craters  do  clear¬ 
ly  preserve  unusually  large  amounts  of  residue. 

4.  Interpretation  of  particle  origins 

Several  aspects  of  the  residue  preservation  need  to  be 
taken  into  account  before  the  apparent  compositional 
assemblages  can  be  compared  to  known  extraterrestrial 
samples  that  have  not  undergone  hypervelocity  impact. 
Impact  of  a  micrometeoroid  upon  a  solar  cell  causes  vio¬ 
lent,  albeit  very  short-lived  (nanosecond  to  microsecond) 
processing  of  the  projectile,  with  rapid  quenching  of  a  mix¬ 
ture  of  melted/condensed  cover  glass  and  encapsulation  of 
fine  droplets  derived  from  the  particle.  Despite  such  disrup¬ 
tion  of  particles,  each  leaves  an  impact  feature,  usually  with 
diagnostic  residue  (ca.  75%).  Our  work  suggests  that  there 
is  little  particle  size  selection  bias  in  the  HST  features,  in 
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Fig.  13.  Light  gas  gun  shot  of  particle  of  Cl  chondrite  Orgeuil  into  solar  cell  glass.  Left  hand  images  are  BEI  and  X-ray  maps  of  Orgeuil  residue  in  pit.  At 
right,  BEI  shows  vesicular  residue  and  discrete  iron  oxide  grains  (bright). 


contrast  to  loss  of  the  record  of  smaller  and  higher  velocity 
particles  due  to  total  evaporation  or  stripping  of  reactive 
components  during  prolonged  melting  and  oxidation  (sec¬ 
onds)  in  atmospheric  entry  of  many  micrometeorites  and 
stratospheric  particles.  Similarly  there  is  no  potential  for 
adsorption  of  reactive  volatile  contaminants  from  the 
atmosphere,  or  post-fall  alteration  in  ice  or  liquid  water. 
We  do,  however,  have  very  limited  knowledge  of  the  char¬ 
acteristics  of  solar  cell  impact  features  and  residues  from 
impacts  by  organic  materials  and  ices. 

Light  gas  gun  shots  show  that  relatively  volatile 
elements  such  as  sodium  and  potassium  can  be  mobilised 
during  the  impact  process  leading  to  local  depletion,  or 
occasionally  enrichment,  of  these  elements.  Their  apparent 
absence  from  the  HST  residues  might  therefore  not  be  due 
to  an  absence  of  alkali-enriched  glass  (such  as  is  found  in 
chondrule  mesostasis)  or  feldspar  grains,  so  much  as  a 
preservation  bias.  However,  the  paucity  of  calcium-en¬ 
riched  aluminosilicate  residues  (2/106)  is  significant.  Calci¬ 
um  is  much  more  refractory,  and  should  be  expected  to  be 
retained  and  enriched  relative  to  other  elements,  rather 
than  depleted  by  volatilisation.  The  relatively  low  calcium 
content  of  the  HST  cover  glass  should  also  provide  an  ideal 
substrate  upon  which  to  recognise  the  presence  of  Ca-bear- 
ing  melt.  In  light  gas  gun  shots,  Ca-  and  Na-rich  plagio- 
clase  feldspars  and  glasses  leave  residues  that  are  easily 
recognised.  The  rarity  of  residue  rich  in  Ca  and  Al  also  sug¬ 
gests  that  there  is  little  contribution  from  the  refractory 
mineral  inclusions  such  as  the  hibonite  and  gehlenite  bear¬ 
ing  particles  reported  by  Greshake  et  al.  (1996),  or  the 
high-Ca  clinopyroxene  found  in  abundance  within  the 
matrix  of  CY  carbonaceous  chondrites,  such  as  Allende. 
It  therefore  seems  that  HST  impacts  do  again  reflect  the 
substantial  difference  in  the  composition  and  origin  of  most 
smaller  meteoroids  (micron  to  10  micron-scale)  when  com¬ 
pared  to  coarser  (centimetre  to  metre-scale)  materials  at 
1  AU,  as  has  been  indicated  by  studies  of  IDPs,  summa¬ 
rised  by  Rietmeijer  (1998)  and  micrometeorites  (Kurat 
et  al.,  1994;  Beckerling  and  Bischoff,  1995).  This  view  is 


reinforced  by  suggestion  that  the  calcium  and  aluminium 
bearing  ‘low-Ni’  IDPs  of  Flynn  and  Sutton  (1990)  may 
be  terrestrial  volcanic  particles  rather  than  extraterrestrial 
(Rietmeijer,  1998). 

Unfortunately,  the  wispy  mafic  silicate  residues  so  fre¬ 
quently  encountered  in  HST  impacts  do  not  preserve  many 
diagnostic  characteristics  that  allow  close  comparison  to 
either  a  particular  micrometeorite  group,  or  to  IDP  crystal¬ 
line  phase  or  glass.  The  ratio  of  divalent  ions  to  silicon  can¬ 
not  be  determined  in  most  residues,  due  to  the 
overwhelming  silicon  content  of  the  solar  cell  glass.  This 
prevents  calculation  of  the  olivine  to  pyroxene  ratio  within 
most  of  the  particle  population,  thereby  removing  a  poten¬ 
tially  valuable  diagnostic  criterion  of  origin,  and  does  not 
permit  easy  comparison  to  the  chondritic  signature  seen 
in  many  IDPs  (e.g.  Brownlee  et  al.,  1976)  or  the  Mg/Si 
and  Al/Si  ratios  so  useful  in  IDP  classification  (Fraundorf 
et  al.,  1982).  The  lack  of  preserved  internal  structures  and 
phase  relationships  also  hinders  comparison  to  document¬ 
ed  IDP  and  micrometeorite  textures.  However,  the  occa¬ 
sional  presence  of  vesicular  Fe-  and  Mg-bearing  melt 
does  indicate  that  volatile  rich,  probably  hydrous,  minerals 
were  present  among  the  particles.  Similar  bubble-rich  tex¬ 
tures  were  seen  in  a  few  residues  from  our  laboratory  shots 
of  the  pyroxene  enstatite,  containing  small  quantities  of  the 
hydrated  layer  silicate  talc.  Enrichment  of  sulfur  and  nickel 
within  the  vesicular  mafic  HST  residues  strongly  suggests 
that  these  may  represent  a  fine-grained  phyllosilicate 
assemblage  such  as  those  reported  from  IDPs  (Schramm 
et  al.,  1989;  Zolensky  and  Lindstrom,  1992),  hydrated 
micrometeorites  (Kurat  et  al.,  1994;  Genge  et  al.,  1997; 
Noguchi  et  al.,  2002),  C2  microclasts  in  howardites 
(Gounelle  et  al.,  2003)  or  carbonaceous  chondrites  of  the 
Cl  and  CM  groups  (e.g.  Genge  et  al.,  1997;  Noguchi 
et  al.,  2002).  It  is  not  possible  to  use  Mg  and  Fe  to  Si  ratios 
to  determine  whether  saponite  or  serpentine  was  present  in 
the  hydrous  particles  impacting  on  HST  solar  cells, 
although  the  presence  of  diffuse  nickel  and  sulfur  in  some 
of  the  vesicular  residues  may  suggest  a  close  relationship 
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with  the  tochilinite-serpentine  interlayer  materials  found  in 
CM  chondrites,  the  fossil  CM  micrometeorites  of  Gounelle 
et  al.  (2003),  and  some  IDPs  (Bradley  and  Brownlee,  1991). 
Light  gas  gun  shots  of  powder  from  the  Cl  type  1  carbona¬ 
ceous  chondrite  Orgeuil  and  the  CM  type  2  Murchison 
demonstrate  that  their  fine  matrix  does  indeed  generate  a 
vesicular  melt  of  this  type  (Figs.  3  and  13b).  It  is  interesting 
that  the  number  of  HST  residues  suggests  a  higher  propor¬ 
tion  of  volatile-rich  silicate  grains  (14  out  of  71  mafic  silicate 
bearing  residues)  than  Nakamura  et  al.,  2001  report  from 
Antarctic  micrometeorites,  although  Genge  et  al.  (1997) 
imply  that  phyllosilicates  must  be  more  common  in  the 
micrometeoroid  precursor  population  as  the  textures  of 
their  vesicular  unmelted  micrometeorites  (VMM)  were 
derived  from  phyllosilicate-rich  precursors,  a  view  support¬ 
ed  by  the  observations  of  Noguchi  et  al.  (2002)  and  the 
experiments  of  Toppani  et  al.  (2001). 

The  abundant  and  easily  recognised  magnetite  grains 
seen  in  Cl  meteorites,  which  are  so  obvious  in  laboratory 
impact  residues  from  Orgeuil  (Fig.  13),  are  not  found  in 
our  LEO  craters,  and  Genge  et  al.  (1997)  also  note  the  pau¬ 
city  of  this  mineral  in  their  VMM  particles,  although  it  is 
reported  as  framboids  in  phyllosilicate-rich  micrometeor¬ 
ites  by  Noguchi  et  al.  (2002),  and  in  the  CR  type  micro¬ 
clasts  in  howardites  by  Gounelle  et  al.  (2003).  Secondary 
magnetite,  occurring  as  a  thin  coating  on  silicate  grains 
in  chondritic  aggregate  IDPs  has  been  attributed  to  atmo¬ 
spheric  entry  effects  (e.g.  Fraundorf,  1981),  but  should  be 
absent  from  such  particles  impacting  on  a  spacecraft  sur¬ 
face  at  600  km  altitude.  Noguchi  et  al.  (2002)  also  suggest 
that  magnesiowustite  and  magnetite  may  be  generated  as 
breakdown  products  of  ferroan  carbonates  during  atmo¬ 
spheric  heating.  Magnetite  has  been  reported  from  solar 
wind  irradiation  of  metal  grains  within  IDPs  (Bradley, 
1994)  although  residues  from  particles  of  this  extremely 
fine  grain  size  (10  s  of  nm)  may  be  difficult  to  recognise 
in  analytical  SEM  studies. 

The  presence  of  sulfate  and  carbonate  residues  in  larger 
(mm  scale)  impacts  on  HST  cells  is  also  noteworthy.  These 
minerals,  well  known  from  CM  chondrites,  may  support  an 
origin  from  an  asteroidal  source,  with  deposition  requiring 
a  hydrological  system  such  as  that  suggested  by  Wilson 
et  al.  (1999).  The  survival  of  relatively  delicate  and  soluble 
sulfates  and  carbonates  in  HST  impact  residues  is  in  con¬ 
trast  to  their  absence  from  most  Antarctic  micrometeorites, 
from  which  they  are  have  probably  been  lost  due  to  ther¬ 
mal  decomposition  (Noguchi  et  al.,  2002),  or  removed  by 
aqueous  leaching,  as  reported  by  Kurat  et  al.  (1994). 
Carbonates  have  been  reported  in  howardite  microclasts 
(Gounelle  et  al.,  2003). 

HST  residues  from  impacts  by  particles  of  greater  than 
10  pm  diameter  often  contain  distinct  iron  sulfide  droplets, 
yet  sulfide  has  been  reported  as  rare  in  Antarctic  microme¬ 
teorites  (e.g.  Genge  et  al.,  1997).  Possible  removal  of  sulfide 
during  atmospheric  transit  has  been  discussed  by  Genge 
and  Grady  (1998),  but  recent  work  by  Duprat  et  al. 
(2005)  has  shown  that  careful  separation  of  smaller  Antarc¬ 


tic  micrometeorites  can  yield  substantial  numbers  of  sul¬ 
fide-bearing  grains.  The  HST  iron  sulfide  residues 
resemble  compositions  found  throughout  ordinary  chon¬ 
drites,  CM  and  Cl  carbonaceous  chondrites  (although  less 
common  in  CV  and  CK)  and  also  found  in  mesosiderites. 
The  iron-nickel  metal  is  very  similar  to  the  composition 
of  the  kamacite  phase  known  from  IDPs,  iron  and  stony 
iron  meteorites,  and  the  finely  structured  metal  found  in 
ordinary  chondrite  meteorites. 

The  assemblage  of  olivine,  finely  crystalline  iron-nickel 
metal,  iron  sulfides,  iron-nickel  phosphides  and  chromi¬ 
um-bearing  oxides  within  a  single  crater  (Fig.  6)  is  strongly 
reminiscent  of  pallasite  stony-iron  meteorites  such  as 
Brahin.  However,  pallasites  show  coarse  (millimetre  to 
centimetre)  grain  size,  and  it  seems  unlikely  that  a  micro¬ 
meteoroid  smaller  than  a  millimetre  would  contain  the 
examples  of  each  diagnostic  mineral.  The  magnesium-, 
iron-  and  chromium-bearing  spinel  composition  is  certainly 
unlike  that  of  refractory  inclusion  spinels  in  carbonaceous 
chondrites  (almost  end-member  unequilibrated  magnesian 
aluminous  spinel  sensu  strictu,  subsequently  altered  by  iron 
enrichment),  although  similar  compositions  do  occur  in 
ordinary  chondrites.  Low  magnesium,  chromian  magne¬ 
tites  also  occur  widely  in  CV  and  CK  chondrites  (Green¬ 
wood  et  al.,  2004),  where  they  may  be  found  within 
olivine-bearing  chondrules,  associated  with  iron-nickel 
metal,  minor  phosphide  and  sulphide.  The  oblique  impact 
in  Fig.  6  may  thus  represent  impact  by  a  chondrule 
fragment. 

5.  Conclusions  and  future  work 

LEO  impact  craters  on  solar  cells  yield  abundant  resi¬ 
dues,  from  which  micrometeoroid  mineral  precursors  can 
be  interpreted.  As  well  as  making  measurement  of  micro¬ 
meteoroid  flux,  we  are  now  able  to  ascribe  compositional 
information  to  impacting  particles  across  a  size  range  from 
micrometre  to  hundreds  of  micrometres  diameter.  A 
substantial  proportion  of  the  micrometeoroid  may  be 
preserved,  especially  in  oblique  craters.  It  is  not  yet  possible 
to  determine  the  precise  source  of  the  abundant  mafic  sili¬ 
cate  grain  impactors,  but  there  is  good  evidence  for  some 
impacts  by  hydrous  sheet  silicate  phases  similar  to  those 
seen  in  type  1  and  2  carbonaceous  chondrite  meteorites, 
phyllosilicate-rich  micrometeorites  and  interplanetary  dust 
particles.  There  is  a  notable  anomaly  in  the  lack  of  calcium¬ 
bearing  aluminosilicates  residues,  implying  that  chondrule 
mesostasis  glass,  matrix  plagioclase  and  the  refractory 
inclusions  of  carbonaceous  chondrites  are  not  well  repre¬ 
sented  in  the  residue  population. 

Our  initial  results  suggest  that  focused  ion-beam  cross- 
sections  of  shocked  but  compositionally  discrete  mineral 
residues  can  be  used  for  electron  microprobe  analysis, 
and  have  promise  for  electron  diffraction  and  micro¬ 
source  X-ray  diffraction  study  of  shock  state,  as  well  as 
isotopic  analysis.  Ultrathin  sections  of  finer  immiscible 
droplet  residues  may  also  be  suitable  for  analytical  trans- 
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mission  electron  microscopy,  enabling  distinction  of  oliv¬ 
ine  and  pyroxene  residues  in  a  greater  number  of  craters. 
Identification  of  the  diverse  mineral  assemblages  to  be 
found  in  residue-rich  larger  oblique  impacts,  of  millime¬ 
tre  scale,  may  provide  a  direct  link  to  the  petrology  of 
micrometeorites. 
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